Nutrient losses from rice fields can have economic and environmental consequences. Little is known about nutrient losses in surface runoff waters from direct-seeded rice systems, which are common in the United States and increasingly more so in Asia. The objectives of this research were to quantify nutrient losses from California rice fields in surface runoff waters and to determine when and under what conditions losses are greatest. Research was conducted in 10 rice fields varying in residue (burned or incorporated) and water management over a 2-yr period. Concentrations of NH 4 -N and NO 3 -N in runoff water across sites, seasons, and management practices averaged <0.1 mg N L -1
Abstract
Nutrient losses from rice fields can have economic and environmental consequences. Little is known about nutrient losses in surface runoff waters from direct-seeded rice systems, which are common in the United States and increasingly more so in Asia. The objectives of this research were to quantify nutrient losses from California rice fields in surface runoff waters and to determine when and under what conditions losses are greatest. Research was conducted in 10 rice fields varying in residue (burned or incorporated) and water management over a 2-yr period. Concentrations of NH 4 -N and NO 3 -N in runoff water across sites, seasons, and management practices averaged <0.1 mg N L -1
. Runoff water PO 4 -P concentration averaged 0.14 mg L -1 and was not affected by season or straw management practices. However, P fluxes were higher in the winter when rice straw was burned (2.59 kg ha ). Average seasonal runoff water K concentrations did not vary with season and straw management, although they were highest at the onset of the winter season. Average total suspended solids (TSS) concentrations did not vary by season but were highest during the winter in the straw-incorporated fields (46 mg L -1
). Rice fields were sinks for K (4.9 kg K ha -1 ) during the growing season. Fields were not significant sources of nutrients or TSS during the growing season; however, during the winter fallow they could be sources of NH 4 -N, P, K, and TSS, especially as water fluxes from fields increased.
Nutrients and Sediments in Surface Runoff Water from Direct-Seeded Rice Fields: Implications for Nutrient Budgets and Water Quality Bruce A. Linquist,* Matthew D. Ruark, Randall Mutters, Chris Greer, and Jim E. Hill A gricultural intensification, whereby yields per unit area are increased, is required to meet future food demand. However, such intensification can result in negative environmental consequences, such as nonpointsource pollution (Matson et al., 1997; Tilman, 1999) . Therefore, sustainable intensification whereby the aforementioned objective is achieved at minimal or reduced environmental cost is required (Godfray et al., 2011; Cassman et al., 2003) . Nutrient pollution from agriculture is a major cause of poor water quality (Buckley and Carney, 2013) . Nutrient losses can also be an economic concern for farmers because fertilizer costs have increased by 180 to 273% (depending on fertilizer) since 2000 (USDA, 2013) and nutrient losses in surface runoff can be high, representing a significant portion of that applied (Zhao et al., 2012; Krupa et al., 2011; McDowell et al., 2001 ). However, in some cases, such as P, the amount of nutrient lost in surface runoff maybe agronomically insignificant, but water quality may be impaired because eutrophication can occur at low water P concentrations (Hart et al., 2004) .
In rice systems, N losses can occur via leaching, gaseous losses, and surface water runoff. Although rice systems are flooded for the majority of the growing season, leaching is considered to be a minor loss mechanism due to the impermeability of most soils and high denitrification potential (Liang et al., 2014; Buresh et al., 2008; Bouman et al., 2002) . For N, the main loss pathways are due to gaseous loss via NH 3 volatilization and denitrification (Buresh et al., 2008) . Nitrogen losses in surface runoff waters can also be high. Zhao et al. (2012) reported mineral N losses of 2 to 22 kg N ha -1 during a single rice growing season. Many studies suggest that P runoff losses are minimal and agronomically insignificant in rice systems; however, under conditions where there is runoff shortly after application, elevated P levels in surface water can be a concern (Lundy et al., 2012; Zhang et al., 2004) . Potassium, which is not considered a water pollutant, is mobile in the surface water and can be transported down the field in the irrigation water (Simmonds et al., 2013) . Krupa et al. (2011) reported that during the growing season the amount of dissolved K exported from rice field runoff water was >8 kg ha -1 , which was much greater than export of dissolved mineral N or PO 4 -P (1.0 and 0.32 kg ha -1 , respectively). Potassium is also susceptible to runoff losses during the winter fallow because up to 80% of K in rice straw is washed out during this period (Bakker and Jenkins, 2003) and can end up in the runoff water. Total suspended solids (TSS) in water is an important water quality indicator and is closely related to turbidity and to the ecological health of water ways. Some studies have found that rice systems are linked to high TSS in downstream waters (Poudel et al., 2013; Sanchez et al., 2012) ; however, rice management practices can help reduce sediment losses (Feagley et al., 1992) .
In California's direct water-seeded rice systems, the seed bed is prepared and fertilizers are applied before the fields are flooded, and the seed flown in by airplane. Early in the season, water may be temporarily drained or lowered to facilitate establishment and herbicide applications. The field remains flooded until about 1 mo before harvest, when it is drained to allow the soil to dry for harvest. In California, before the mid1990s straw was burned and the fields were left unflooded in the winter; however, due to the Rice Straw Burning Reduction Act of 1991 (AB 1378), straw burning was phased out to allow a maximum of 25% of acreage to be burned. Currently, about 12% of rice area is burned annually (CRC, 2013), a small percentage of the straw is baled, and the majority of growers incorporate the rice straw and either intentionally flood or let winter rains naturally flood the field to facilitate straw decomposition (Linquist et al., 2006) . During the winter fallow period, intentional flooding and/or rainfall may lead to runoff if the flood water is not contained within the field. Nutrient losses and their impacts on nutrient budgets and water quality have not been examined in these systems. Most studies that have evaluated nutrient loss were conducted during the growing season, and the majority of these were in Asia, where cultural practices are different from those in California. Typically in Asia, rice is transplanted and fertilizers are applied into flooded water; however, the general trend in Asian rice systems is toward direct seeding (Rao et al., 2007) . In direct water-seeded systems such as those found in California, much of the fertilizer N is injected into the soil as aqua-NH 3 before planting (Linquist et al., 2009) . Some N and the P and K fertilizers are usually applied to the soil surface at the same time and may or may not be incorporated into the surface soil. Therefore, to better understand nutrient losses from direct water-seeded rice fields, our objectives were (i) to quantify nutrient (N, P, and K) and TSS losses from rice fields in runoff water, (ii) to determine when losses are greatest, and (iii) to determine how nutrient loss is related to winter fallow straw management and water flux in direct water-seeded rice systems in California. Ruark et al. (2010) , but a brief summary follows. Early in the growing season, water management varied among growers due to variability in pesticide management, with some fields being drained and others stopping inflow and/or runoff around the time of application; however, after pesticide applications and required water hold times, most fields were managed with maintenance flow, where a continuous flow of water through the field was maintained to establish a consistent depth of water in the field. Some growers did not have any water runoff and instead managed flood water depth by regulating water input. In the winter season, straw-incorporated fields (with the exception of Arbuckle-I in 2006) were flooded between October and February. Water was managed with maintenance flow for most fields where straw was incorporated (Table 2) . In fields where rice straw was burned, irrigation water was not used to flood the field; however, in some burned fields the outlets were blocked, allowing rainfall to flood the field. An exception is the Marysville-B site, which, despite being burned, was also flooded during the 2006 winter to create waterfowl habitat. There was also runoff water from unflooded fields after some rainfall events.
Materials and Methods

Study Site Characteristics and Management Practices
After the 2006 growing season, two fields were taken out of rice production (Marysville-B and Arbuckle-I). A new strawincorporated field site was identified at Arbuckle ( In terms of fertility management, the rates used by growers in this study are typical for California (Linquist et al., 2009) , with higher N rates being used for medium-grain rice varieties (M205 and M206) and lower rates for specialty varieties (Koshihikari) that are susceptible to lodging (Table 2 ). All fertilizers were applied before flooding and planting. In all fields, most of the N was injected as aqua-ammonia, and the remainder was broadcast or sprayed on the surface (sometimes being left on the surface and other times lightly raked in along with P and K fertilizer). Phosphorus and K were applied in all fields except fields 6, 7, and 8.
Water Sampling and Analysis
Each field had one or two irrigation water inlets and one water outlet that drained water into drainage canals. Runoff was measured by installing a rectangular weir fitted with a Global-Water pressure sensor/data logger in the main outlet of each field. The pressure sensor recorded the water height over the weir every 15 min. A ruler was placed on each weir to calibrate the pressure sensors and to estimate flow rates when pressure sensors were unable to be installed or when they malfunctioned. For the 2006 growing season, runoff was measured entirely from observed weir heights. Weirs were used to measure water flow during periods of maintenance flow but were removed from field outlets to allow the field to be drained early in the growing season or at the end of each flooding season. To estimate water loss during the drain periods, four to eight rulers were placed in each field (one ruler per 2-11 ha), and water depth was recorded before and after the drain. Early growing season and end-of-winter season drain volumes were calculated as the product of the water depth before and after drainage and the rice field area. The end of growing season final drain volumes were calculated in the same manner, correcting for volume displacement of rice plants.
Water samples were collected from the field inlets and outlets. Samples were collected on a weekly or biweekly basis, with more intensive sampling conducted after the onset of maintenance flow, during the final drain, or after rainfall events. Water samples were stored on ice and filtered with a 1.5-µm glass fiber filter within 24 h of sample collection. Samples were frozen until analyses could be performed. Water samples were analyzed for NH 4 -N and NO 3 -N (Doane and Horwath, 2003) , PO 4 -P (hereafter referred to as water P concentrations) using the ascorbic acid molybdenum blue method modified from Murphy and Riley (1962) with a lower detectable limit of 0.01 mg P L -1 Table 1 . Field sizes, soil classification, and soil characteristics, including pH, cation exchange capacity, soil organic carbon, and texture of the 10 rice fields in the Sacramento Valley used in this study. (APHA, 1999), and K (USEPA, 2001). Total suspended solids were determined as the change in weight of filter paper before and after filtering (APHA, 1998) . During the growing season, three subseasons were identified: early season, midseason, and the final drain. During the early season, runoff varied among fields due to how water was managed during establishment and pesticide applications. During the midseason, there was runoff due to maintenance flow in most fields, although in some fields there was no runoff. The final drain was when the field was drained in preparation for harvest. Similarly, the winter season was divided into three subseasons: early winter season, midwinter season, and the final drain.
Seasonal fluxes (kg ha -1 per season) of each nutrient were calculated as the sum of the products of each sample concentration (mg L -1
) and the flow-proportional volume associated with that sample. The flow-proportional volume was calculated as the total runoff occurring between days that are midway between each sampling date. Flow-weighted nutrient concentrations were calculated for each season and subseason by dividing the total solute flux by the total water flux of each period.
Seasonal net loads for each nutrient were estimated by subtracting runoff fluxes from input fluxes. To estimate nutrient input fluxes, irrigation water inputs were estimated using the following equation:
Irrigation water inputs = runoff + evapotranspiration + percolation -rainfall Runoff from each field was measured directly as described above. Growing season evapotranspiration was 11,500 m 3 ha -1 , which is considered average for California . Losses due to percolation are minimal in California rice fields due to the practically impermeable plow layer. Liang et al. (2014) measured hydraulic conductivity on a number of California rice soils below the root zone and reported the average hydraulic conductivity of typical rice fields to be 0.032 cm d -1 . This factor was multiplied by the number of days each field was flooded to estimate percolation losses. Rainfall data were collected by the University of California Integrated Pest Management Program, and the rainfall monitoring stations were within 15 km of each corresponding field site.
Yields from each field and year are reported in Ruark et al. (2010) . Soil samples (0-15 cm depth, 6 cm in diameter) were collected from each field in 2006 except for field sites added after the 2006 growing season (i.e., Marysville-I and Arbuckle-I), where soil samples were collected in 2007. Soil samples were air dried, ground, and analyzed for pH (saturated paste method; Kalra, 1995) , cation exchange capacity (Rible and Quick, 1960) , total carbon (AOAC, 1997), soil organic C (Nelson and Sommers, 1982 ), Olsen-P (Olsen and Sommers, 1982), , which all occur after the harvest in the fall. ‡ Early water management practices during the growing season include flood with water allowed to flow through or drained for herbicide applications (F) or water held (FH). Midgrowing season water management practices include maintenance flow (MF) or holding (FH). Water samples were taken from all fields at the final drain but were not taken if the field water was held earlier in the season (FH). § Date when boards blocking the outlet were removed to allow field to drain; "none" indicates there was no standing water in the field to drain. ¶ Winter water management practices include flooding (F), flooding due to rainfall (RF), or no flooding (NF). For the RF management, outflow occurred as surface runoff. No samples were collected from NF fields.
) NH 4 OAC (Sparks 1996) , and texture (Sheldrick and Wang, 1993) .
Data Analysis
Average seasonal flow-weighted nutrient concentration and total seasonal nutrient fluxes were subjected to ANOVA. When analyzing nutrient flux data from fields, some fields had no runoff water during the winter (for reasons discussed above), and these were not included in the analysis. All data parameters were subjected to normality test using the ShapiroWilk approach (P = 0.521 to <0.0001); data that failed the normality test were analyzed in log-transformed forms (SAS Institute, 2010) . Differences in measured parameters between type of straw management were determined using PROC MIXED for unbalanced tests with adjusted Tukey-Kramer for multiple treatment mean comparisons at P < 0.05 (SAS Institute, 2010) . The main effects due to straw management and interaction and random effects of year, site, season and blocking were analyzed using PROC MIXED covariance test (SAS Institute, 2010) . Analysis of covariates was performed on a randomized complete block, blocked split plot design with straw management as the main plot treatment, site as block effect, and year and season as the split block and treatment effects, respectively. Initial analyses showed that year effect was not a significant covariate in the model; hence, the year effect was removed in the final model.
Results and Discussion
Nutrient and Total Suspended Solids Concentrations of Irrigation Water
The inorganic N (NO 3 -N and NH 4 -N) concentrations of the incoming irrigation water were low (range, 0.01-0.26 mg L -1 ), with little difference between locations and seasons (Table 3) , although the Willows irrigation water had higher and more variable NO 3 -N concentrations than the other sites. Similar observations were made for P concentrations, which averaged ≤0.10 mg L -1 . In contrast, K concentrations did not vary substantially between seasons but did vary by location. The Marysville location, which receives irrigation from the Yuba River, had the lowest K concentrations, followed by Biggs (Feather River) and then by Arbuckle and Willows, which receive water from the Sacramento River. Irrigation TSS also varied by location, with Marysville and Biggs having lower TSS concentrations than the two sites receiving Sacramento River water.
Seasonal Water Fluxes
Seasonal water runoff flux amounts during the growing and winter seasons, averaged across sites and years, were 2250 and 3300 m 3 ha -1
, respectively, but with considerable variation. During the growing season, runoff fluxes ranged from 300 to 4720 m 3 ha -1 (Table 4) . Low runoff was associated with fields where there was no maintenance flow during the midseason, and all of the runoff occurred either when fields were drained for herbicide application or at the end of the season. During the winter, runoff was even more variable (0-13,060 m 3 ha 
Nutrient and Total Suspended Solids Concentrations and Fluxes of Runoff Water
Nitrogen Average seasonal NO 3 -N concentrations in field runoff water were not affected by straw management but were higher in the winter than during the growing season (0.05 vs. 0.02 mg L -1 ) ( Table 5 ). Concentrations of NO 3 -N were higher at the onset of both the growing and winter seasons and lowest at the end of each season during drainage (Fig. 2) . The NO 3 -N flux in runoff water was low, averaging 0.09 kg ha -1 in the growing season and 0.24 kg ha -1 in the winter (Table 5) , for a total annual flux of 0.33 kg ha -1 yr -1 . Concentrations of NH 4 -N in field runoff water were low and did not vary by season or straw management (Table 5) . Across fields and years, seasonal NH 4 -N averages ranged from 0.07 to 0.10 mg L -1 (Table 5 ) and changed little during the season (Fig. 2) . On average, the annual NH 4 -N flux in runoff water was 0.91 kg ha -1 yr -1 (0.31 kg ha -1 in growing season and 0.60 kg ha -1 in winter season) (Table 5) . The growing season N concentrations reported here were similar to those reported by Krupa et al. (2011) based on a watershed study in California. Similar to findings by Krupa et al. (2011) , we found no within-season variation in runoff water NO 3 -N concentrations. However, Krupa et al. (2011) found higher NH 4 -N concentrations in July (0.12 mg L -1 compared with <0.06 for all other measurements), which they attributed to midseason top-dress N applications. Similarly, Zhao et al. (2012) reported that NH 4 -N levels increase in runoff water after midseason N applications. However, in our study, midseason N applications were not applied to any of the fields. On a total mineral N basis (NO 3 -N + NH 4 -N), growing season N fluxes were 0.40 kg N ha -1 , and during the winter they were 0.84 kg N ha -1 . Mineral N discharge amounts were not affected by N rate as evidenced by the Marysville site, which had the lowest fertilizer N rates but had similar amounts of N in the runoff water to other sites. Krupa et al. (2011) reported a total growing season mineral N flux of 1.02 kg N ha -1 , which is similar to our findings but much lower than reported in some Asian studies. For example, Zhao et al. (2012) found seasonal fluxes of NO 3 -N in runoff water ranging from 0.41 to 9.6 kg N ha -1 and from 0.77 to 13.2 kg N ha -1 NH 4 -N. Also, Yoon et al. (2006) reported NO 3 -N concentrations from a study in Korea that were higher than we found in this study (range, 1-3.5 mg N L -1 ) and NH 4 -N ranging from 1 to 12 mg N L -1 . In China, Tian et al. (2007) reported values up to 8 mg N L -1 for NO 3 -N and 4 mg N L -1 for NH 4 -N. There are several possible reasons for the low fluxes and concentrations of N in runoff water in this study compared with other studies. First, N fertilizers in California rice systems are mostly incorporated into the soil before flooding. In the Yoon et al. (2006) study, N was applied in three split applications and broadcast into the water. Zhao et al. (2012) found that the amount of N in runoff water was associated with the timing of N application in relation to rainfall. When N was applied into the flood water just before or during a rainfall event, N flux increased in runoff waters. Second, the irrigation water used in our study was low in NO 3 -N and NH 4 -N (Table 3 ). In contrast, Tian et al. (2007) reported that NO 3 -N and NH 4 -N concentrations in their irrigation water were 1.03 and 0.54 mg L -1 , respectively. 
Phosphorus
Runoff water PO 4 -P concentration averages ranged from 0.09 to 0.23 mg L -1 and did not vary across seasons and straw management practices (Table 5 ). The PO 4 -P concentrations in runoff water during the growing season are similar to previous reports for California rice systems (Krupa et al., 2011; Lundy et al., 2012) . In all fields where P fertilizer was applied, it was applied before flooding to the soil surface. Application of P fertilizer 20 to 30 d after planting (instead of at planting) can reduce algae problems (Lundy et al., 2012; Spencer and Linquist, 2014) . In these water-seeded systems, this P application is usually made into the flood water, and Lundy et al. (2012) found water P concentrations in excess of 1 mg P L -1 shortly after P was applied in such a way. To prevent P loss and contamination of offsite water, Lundy et al. (2012) prevented outflow from the field for 10 to 14 d, after which water P concentrations fell below 0.15 mg P L -1
. When P is applied before planting, Spencer and Linquist (2014) found that water P concentrations in the flood water could be reduced when the P fertilizer was tilled or raked into the soil surface.
Seasonal PO 4 -P fluxes were lower in the growing season (average, 0.24 kg ha -1 ) than in the winter (average, 1.52 kg ha -1 ) ( Table 5 ). Growing season runoff fluxes were not related to whether or not fertilizer P was applied: in fields 6, 7, and 8, where P was not applied, P in growing season runoff water averaged 0.23 kg P ha -1 (data not shown). During the winter, the seasonal PO 4 -P fluxes were higher from fields where straw was burned (2.59 kg ha -1 ) compared with where straw was incorporated (0.44 kg ha -1 ). Also, concentrations of PO 4 -P were highest during the early and midwinter season, especially in the burned fields (Fig. 2) . Higher runoff fluxes during the winter may be due to several factors. First, winter P fluxes were found in burned fields. When residues are burned, there is little to no P loss via volatilization (Paul and Negi, 2008) , but residue P is converted to extractable inorganic forms (Hogue and Inglett, 2012) that are more soluble and thus susceptible to runoff losses. Higher winter P fluxes could also be due to waterfowl defecation, which can lead to higher P loads (Olson et al., 2005; Kitchell et al., 1999) . Rice fields in the Sacramento Valley serve as important waterfowl wintering areas in the Pacific Flyway, supporting up to 60% of the total flyway population (Central Valley Joint Venture, 2006) . The total annual water bird count in the region has been estimated to be as high as 10 to 12 million (Gilmer et al., 1982) .
There are no set water quality standards for P in California. The state of Wisconsin (WDNR, 2010) and the Republic of Korea (Kang et al., 2006 ) set thresholds at 0.10 mg P L -1 for surface waters. This threshold is the same as what we found for the average runoff water P concentration during the growing season and 0.09 mg P L -1 lower than average winter runoff P concentrations. Phosphorus runoff problems in agriculture have usually been associated with overapplication of P fertilizer and manure resulting in high soil P levels; these areas are susceptible to P losses via leaching and surface runoff . The fields in this study did not have high soil P levels (Table 1) ; the fields with the highest P levels (Marysville) did not have high P fluxes (Table 4 ) and vice versa. found that extractable soil P levels in conventionally managed California rice fields were lower than in organic rice fields or natural wetlands. They concluded that, by managing fertilizer P inputs to balance outputs, it is possible to maintain productivity while keeping soil P levels from increasing.
Potassium
Growing season runoff K concentrations averaged 1.21 mg K L -1 (Table 5 ), similar to that reported by Krupa et al. (2011) and lower than measured during the winter. During the winter, runoff K concentrations were not affected by straw management practices, but they did decline with time (Fig. 2) . The lack of difference between burned and incorporated fields can be explained by the fact that water (from rainfall or flooding) readily leaches K out of the rice straw (Bakker and Jenkins, 2003) , and K is soluble in water, similar to the K contained in ash after burning. Simmonds et al. (2013) found that K readily moves down field in the flow of irrigation water making it susceptible to runoff losses.
Fluxes of K from the field averaged 3.03 kg ha -1 during the growing season and 20 kg ha -1 during the winter (Table  5) but varied between fields, with fluxes ranging from <1 to 110 kg ha -1 depending on water flux (Table 4) . Growing season K fluxes in water runoff from fields not fertilized with K were 3.9 kg K ha -1 (data not shown), roughly the same as the growing season average for all fields (3.03 kg K ha -1 ) ( Table  5 ), suggesting that runoff was not directly related to fertilizer application.
Total Suspended Solids
Concentrations of TSS in irrigation water (Table 3) varied between locations and seasons, which may reflect the different irrigation sources and the different water management strategies used by irrigation districts. For example, some districts recycle runoff water and pump it back into the irrigation supply canals, which will likely increase the TSS concentrations of the irrigation water. Total suspended solid concentrations were similar between the growing and winter seasons (average, 32 mg L -1 ) (Table 5) . However, TSS concentrations were higher during the winter in the fields where straw was incorporated (46 mg L -1 ) compared with where it was burned (19 mg L -1 ). The higher winter TSS concentrations where straw was incorporated (Table 5) is likely the result of tillage to incorporate the residue; in contrast, there is usually no tillage in fields where residues are burned. Concentrations of TSS did not vary during the growing and winter seasons (Fig. 3) . There was no difference in TSS fluxes between seasons or straw management practices, with average fluxes being 147 kg ha -1 (Table 5) .
The average TSS concentrations in the runoff water from rice fields reported here are low compared with other studies that have examined rice systems (Poudel et al., 2013; Sanchez et al., 2012; Feagley et al., 1992) . Furthermore, these values are similar to TSS values often found in the Sacramento River (Hestir et al., 2013) , where much of the runoff water flows. These data, along with the fact that the average TSS concentrations in inflow (Table 3 ) and runoff water Table 5 ) were relatively similar, suggest that rice systems are not a major source of the TSS found in the river.
Fields as Sources or Sinks for Nutrients
When net loads were evaluated (input flux -runoff flux), during the growing season rice fields were not a significant source or sink of NO 3 -N and NH 4 -N (Fig. 4) . Net growing season loads averaged -0.03 ± 0.42 kg ha -1 and 0.44 ± 0.58 kg ha -1
for NH 4 -N and NO 3 -N, respectively. During the winter fallow, fields were not a source or sink of NO 3 -N but were a source of NH 4 -N. However, NH 4 -N net loads were generally low (0 to -1 kg N ha -1 ) but increased with increasing water flux (Fig.  4) . Given the amount of fertilizer N applied to rice (90-185 kg , which was 4.4% of the fertilizer N applied.
Net P loads averaged 0.21 ± 0.46 kg P ha -1 during the growing season, indicating that rice fields were not a major source or sink of P. However, during the winter fallow, fields could be a source of P, especially at high flow rates. For example, the net load in Field 1 (very high flow rates during the 2006 winter) was -9.8 kg P ha -1 (Fig. 4) , representing 35% of the amount of fertilizer applied to this field (Table 2) .
During the growing season the fields were a sink for K, with fields retaining 4.9 ± 3.7 kg K ha -1 (Fig. 4) , most likely attributable to plant uptake. Rice plants take up significant amounts of K, and at harvest the rice straw and grain contain about 1.39 and 0.27% K, respectively (Dobermann and Fairhurst, 2000) . Assuming a harvest index of 0.5 and the average yield reported in these studies of 10.7 Mg ha -1 , the amount of K in the crop at harvest was 178 kg K ha ) is in the straw, explaining why rice fields can be a source of K during the winter fallow period. This K is easily washed out of the straw during the winter (Bakker and Jenkins, 2003) and is susceptible to runoff after flooding or rainfall. During the winter, fields were a source of K, averaging a net load of -15 kg K ha -1
. Losses were positively correlated to water flux (Fig. 4) , and at high water flux rates (13,060 m 3 ha -1 season -1
) net K loads were -100 kg ha -1
(more than double the fertilizer applied annually). Therefore, minimizing winter water fluxes is an important strategy to reduce K losses. During the growing season, rice fields were sinks for TSS (net load, 58 kg ha -1 ); however, rice fields were sources of TSS in the winter (net load, -154 kg ha -1 ) (Fig. 3) . Thus, on an annual basis, rice fields are a source of about 100 kg TSS ha -1
. Nutrients can leave fields in soluble forms or attached to suspended solids, such as clay particles ). We did not determine the amount of extractable or total nutrients in the TSS; however, we can estimate the importance of TSS losses to overall nutrient budgets. found that soils from conventional California rice fields contained, on average, 377 mg kg -1 total P. Assuming the TSS is composed of all soil (which it is not), 100 kg ha -1 of soil would represent a loss of 0.037 kg P ha -1 . In the same study, found that the soil organic carbon content averaged 1.3%. Making similar assumptions, this suggests an annual loss of 1.3 kg C yr -1 and roughly 0.1 kg total N yr -1 (assuming a C:N ratio of 12:1). Therefore, nutrient losses through TSS runoff is minor and has little significant effect on overall field nutrient budgets. Similar findings were reported by Tian et al. (2007) , who found that dissolved N, rather than particulate N, was the main form of N runoff in the rice systems they investigated in China. 
Summary and Conclusions
This study evaluated 10 rice fields over a 2-yr period, which varied in terms of residue and water management. In general, N, P, and TSS concentrations in runoff waters, fluxes, and loads were small and not likely to have a large effect on field nutrient balances. From a water quality perspective, runoff water P concentrations were the highest in the winter, particularly from burned fields. In contrast, rice fields behaved as a sink for K during the growing season and as a source for K during the winter. Fields were sources for most nutrients and TSS during the winter when water fluxes were high. These data suggest that one practice to control runoff nutrient losses is to reduce outflow water flux to the extent possible. During the growing season, water is often allowed to flow through the field to help maintain flood levels and to reduce salinity build-up in flood water (Scardaci et al., 2002) . During the winter, fields are flooded to aid in straw decomposition (Linquist et al., 2006) , but often water is allowed to flow through rice fields for waterfowl.
Another strategy to reduce nutrient loss in outflow water is to avoid applying nutrients into floodwater at the beginning of the growing season or at midseason. In California, most fertilizers are applied before flooding the field for planting. Most of the N is injected about 5 to 10 cm below the soil surface, where it is protected from the effects of surface water flow, and relatively little fertilizer is applied midseason (in this study midseason fertilizer applications were not made). When midseason applications are made, other studies suggest that water flows should be stopped for a period of time after application to avoid nutrient losses and potential off-site contamination.
